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 Background: Paeoniflorin (PF), a glucoside isolated from the dried root of Paeonia lactiflora Pall, has been reported to have 
a number of pharmacological properties, including immunity-regulation, anticancer activities, and neuroprotec-
tive effect. However, PF’s pharmacological role in bone disorder has been seldom reported. Hence, this study 
was designed to investigate the effects of PF on osteoclast differentiation and osteolysis diseases.

 Material/Methods: The bone marrow macrophages were isolated from C57BL/6 mice and incubated with RANK ligand (RANKL) 
and various concentrations of PF. After 5 days of incubation, tartrate-resistant acid phosphatase (+) cells and 
bone resorption pits were counted. Effects of PF on expression of osteoclast-specific protein and gene were 
investigated via Western blot, q-PCR, and immunofluorescence assay. The osteoprotective effect of PF in vivo 
was evaluated in a calvarial osteolysis model via micro-CT scan and histological stain.

 Results: In vitro, PF intervention inhibited osteoclast formation and resorption activity. PF also impaired RANKL-induced 
NF-kB phosphorylation and immigration to the nucleus. PF suppressed osteoclast-marker protein and gene ex-
pression. In vivo, PF inhibited cobalt-chromium-molybdenum alloy particle-induced osteolysis and reduced os-
teoclast number in tissue slice.

 Conclusions: PF is a potential agent against osteolysis-related diseases caused by excessive osteoclast activity.
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Background

Total hip arthroplasty (THA) is an effective and safe surgery 
for severe degenerative, post-traumatic, and other end-stage 
diseases of hip joints. Over 600 000 patients undergo THA ev-
ery year in the USA, and 0.83% of the U.S population live with 
an artificial hip joint, which is an estimated 2.5 million indi-
viduals [1]. The number of THA surgeries in China is around 
250 000 each year (unofficial statistics). According to reported 
data, aseptic loosening is the primary reason for THA failures. 
Osteolysis bone defect, longer operative time, and excessive 
blood loss during revision surgery lead to greater surgical chal-
lenge and medical cost. Hence, extending the life of artificial 
joints and avoiding revision surgery are important.

The exact mechanism of aseptic loosening remains unclear, 
but wear particle is generally considered to be the triggering 
factor. Wear particles (like cobalt-chromium-molybdenum al-
loy), are continuously generated from bearing surfaces in con-
tinuous surface movements. Phagocytes endocytose the parti-
cles and release a cascade of pro-inflammatory cytokines into 
the tissues surrounding the implants, including tumor necrosis 
factor alpha (TNF-a), interleukin (IL)-1b, and IL-6 [2,3]. These 
cytokines along with wear particles stimulate osteoclast dif-
ferentiation directly or indirectly [4–6]. Eventually, enhanced 
osteoclast activity leads to periprosthetic osteolysis [7].

Paeoniflorin (PF) has been used frequently as a neuropro-
tective and anti-inflammatory agent [8–10]. Studies have re-
ported that PF protects against brain injury and lipopolysac-
charide-induced acute lung injury by inhibiting inflammatory 
responses via inhibiting NF-kB [11,12]. Considering that NF-
kB plays a central role in osteoclast formation and wear par-
ticle-induced osteolysis [13–15], we hypothesized that PF has 
a regulatory effect on osteoclast formation and wear parti-
cle-induced osteolysis. Therefore, we designed the following 
experiments to investigate the pharmacological action of PF 
both in vitro and in vivo.

Material and Methods

Reagents and CoCrMo particles

Paeoniflorin agent (lot no. 75603) and tartrate-resistant acid 
phosphatase (TRAP) staining kits were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Recombinant murine RANKL and 
murine colony stimulating factor (M-CSF) were purchased from 
PeproTech (Rocky Hill, NJ, USA). All antibodies used in this re-
search were purchased from the Cell Signaling Technology 
(Boston, MA, USA). The CoCrMo particles were purchased 
from Zimmer Medical Group (Warsaw, IN, USA) with an av-
erage diameter of 100 nm, which is similar to clinical wear 

particle size. Particles were washed in a 70% ethanol solu-
tion to remove bound endotoxin and determined to be endo-
toxin-free using the Limulus assay (Endosafe, Charles Rivers, 
Charlestown, SC, USA). The particles were suspended in ster-
ile phosphate-buffered saline (PBS) at a concentration of 0.1 
mg/μL for further experiments. Scanning electron microsco-
py (SEM) was carried out to characterize the size of particles 
(S3400I, Hitachi, Japan).

Bone marrow macrophage (BMM) preparation and cell 
culture

Procedures involving animals and their care were conducted 
in conformity with NIH guidelines (NIH Pub. No. 85-23, revised 
1996) and were approved by the Ethics Committee of Xinhua 
Hospital Affiliated to Shanghai Jiao Tong University School of 
Medicine (approval no. XHEC-F-2017-010).

BMMs were prepared as detailed in a previously published pa-
per with some modifications [16]. In brief, BMMs were collect-
ed from the tibias and femurs of two 6-week-old C57BL mice 
by flushing the marrow space with alpha-modified minimum 
essential medium (a-MEM). The bone marrow cells were in-
cubated in a-MEM with 10% fetal bovine serum (FBS) over-
night (>16 h). Non-adherent cells were collected and seeded 
in a new 10-cm culture dish containing a-MEM with 10% FBS, 
penicillin (100 U/mL), streptomycin (100 μg/mL), and M-CSF 
(20 ng/mL). After a 3-day incubation, the non-adherent cells 
were removed and the adherent cells were washed with me-
dium and harvested using a trypsin-EDTA solution (0.25%) for 
further experiments.

Cell counting kit 8 (CCK-8)

BMMs were seeded onto 96-well plates at a concentration of 
2×104 cells/well and then incubated with PF (0, 5, 20, 50, 100, 
150, 200 μmol/L) for 24 h. We added 10 mL of CCK-8 to each 
well and the plate were incubated at 37°C for 2 h. The optical 
density (OD) was measured using an ELX800 absorbance mi-
croplate reader (Bio-Tek; USA) at 450 nm. Cell viability was cal-
culated relative to the control ([experimental group OD-blank 
OD]/[control group OD-blank OD]).

In vitro osteoclast differentiation and TRAP staining

BMMs were seeded onto 96-well plates at a concentration of 
2×104 cells/well. Medium containing PF (5, 20, 50, or 100 μM) 
was added to the wells along with RANKL (50 ng/mL) and 
M-CSF (30 ng/mL). BMMs were fixed and TRAP stained per 
the manufacturer’s instructions (Sigma-Aldrich) after incu-
bating for 5 days. TRAP-positive osteoclasts were counted on 
4 randomly selected fields of view for each well. The experi-
ment was repeated 3 times.
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Resorption pit assay

As for bone resorption assay, BMMs were seeded onto Coring 
96-well plates (lot no. 3988) at a density of 2×104 cells/well with 
M-CSF (30 ng/mL) and RANKL (50 ng/mL). On day 5, the me-
dium was aspirated from the wells and 100 µL of 10% bleach 
solution was added. Cells were incubated with the bleach so-
lution for 5 min at room temperature. The wells were washed 
twice with PBS and allowed to dry at room temperature for 
3–5 h. Resorption pits were counted on 4 randomly select-
ed fields of view for each well. The pit resorption areas were 
measured using Image Pro Plus 6.0 and the percentage of re-
sorption area was measured.

Quantitative polymerase chain reaction (q-PCR)

Expression of osteoclast-related gene was measured by quan-
titative polymerase chain reaction-PCR. 106 BMM cells were 
seeded into each well of 6-well plates. The cells were treated 
with complete medium containing a-MEM, 10% FBS, M-CSF 
(30 ng/mL), and RANKL (50 ng/mL), with or without PF (20, 
100 μM). Total RNA was extracted with Trizol solution af-
ter 24-h incubation. Reverse transcription PCR was execut-
ed using reverse transcriptase (Takara, Ōtsu, Japan). q-PCR 
was carried out with 200 ng cDNA, the PrimeScript RT-PCR 
Kit (Takara, Ōtsu, Japan) in 96-well plates, and an ABI 7500 
Sequence Detection System (Applied Biosystems, Foster City, 
USA) per the manufacturer’s instructions. b-Actin was used 
as the housekeeping gene, and the experiment was repeated 
3 times. The following primer sets were used (5’-3’): mouse 
b-actin: forward, TCTGCTGGAAGGTGGACAGT and reverse, 
CCTCTATGCCAACACAGTGC;
mouse NFATc1: forward, CCGTTGCTTCCAGAAAATAACA and re-
verse, TGTGGGATGTGAACTCGGAA; mouse TRAP: forward, CTGGA 
GTGCACGATGCCAGCGACA and reverse, TCCGTGCTCGGCG 
ATGGACCAGA;
mouse Cathepsin K: forward, CTTCCAATACGTGCAGCAGA and re-
verse, TCTTCAGGGCTTTCTCGTTC; mouse c-Fos: forward, CCAGTC 
AAGAGCATCAGCAA and reverse, AAGTAGTGCAGCCCGGAGTA.

Western blotting in BMM cells

BMM cells were seeded at 5×105 cells/well into 6-well plates 
and treated with or without PF and RANKL (100 ng/mL) for the 
indicated duration. BMM cells were lysed with radioimmuno-
precipitation assay (RIPA) buffer (Beyotime, Shanghai, China), 
and proteins were extracted per the manufacturer’s instruc-
tions. Protein concentrations were determined using a bicin-
choninic acid (BCA) assay. Each sample (30 μg protein) was 
fractionated on an 8% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) gel and transferred to polyvi-
nylidene difluoride (PVDF) membranes. The membranes were 
then blocked in non-fat milk for 1 h and incubated with the 

indicated primary antibodies (1: 1000 dilution) at 4°C over-
night. Subsequently, the membranes were incubated with an 
appropriate secondary antibody (1: 1000 dilution) for 1 h at 
20°C. The proteins were detected using a horseradish peroxi-
dase (HRP) solution. The grey values were analyzed by Image 
J software, normalized by b-actin. Experiments were repeat-
ed 3 times.

BMM immunofluorescence

BMMs were seeded onto 96-well plates and allowed to adhere 
and then treated with or without PF (100 μM) for 1 h and stim-
ulated with RANKL (100 ng/mL) for 15 min. Cells were fixed 
with 4% paraformaldehyde and permeabilized with 0.5% Triton 
X-100. The BMMs were then sequentially incubated with pri-
mary antibodies against NF-kB (p65) protein and secondary 
fluorescein isothiocyanate-conjugated antibodies. For refer-
ence, cells were stained with 4’,6-diamidino-2-phenylindole 
(DAPI); tubulin proteins were also stained. Activation of NF-
kB signaling was determined by measuring translocation of 
p65 into the nucleus.

Murine calvarial osteolysis model

We assigned the 20 C57BL mice (6 weeks old) to 1 of 4 exper-
imental groups: PBS control group (group 1), CoCrMo particle 
group (group 2), CoCrMo particles with 20 mg/kg/day PF group 
(group 3), and CoCrMo particles with 100 mg/kg/day PF group 
(group 4). The mice were anesthetized with an intraperitone-
al injection containing 0.2 mL chloral hydrate (5%). A 1.5-cm 
incision was made longitudinally over the craniums exposing 
the junction zone of the frontal and parietal bones. The peri-
osteum was gently erased. In group 1, the incision was closed 
without any further intervention using 3-0 un-absorbable su-
tures. In groups 2–4, the incision was closed as described for 
group 1 and then a 3-mg CoCrMo particle suspension (30 μL) 
was injected into the periosteum-removed area using a mi-
crosyringe. In groups 3–4, the mice received an intraperitone-
al injection of 20 mg/kg/day or 100 mg/kg/day PF (dissolved 
in PBS) until Day 7; groups 1–2 were injected with an equal 
volume of PBS until Day 7. All mice were fed in an aseptic en-
vironment with free access to food and water. No adverse ef-
fects or mortality occurred during the study. Seven days after 
surgery, the mice were sacrificed by an overdose injection of 
sodium pentobarbital solution, and the craniums were har-
vested for micro-computerized tomography (μ-CT) and histo-
logical analyses.

Micro-CT scanning and histological analysis

Paraformaldehyde-fixed craniums were scanned with a high-res-
olution CT scanner (SkyScan 1176; SkyScan, Kontich, Belgium) 
using a resolution of 18 mm and operating at a source voltage 
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of 80 kV and 100 mA. After scanning, three-dimensional images 
were reconstructed using the software provided with the μ-CT 
system; a square area of interest (AOI) around the midline su-
ture was chosen for further qualitative and quantitative anal-
ysis. The ratio of bone volume to tissue volume (BV/TV) and 
the bone mineral density (BMD, mg/mm3) from the AOI were 
obtained using the μ-CT software provided with the system. 
The percentage of porosity in AOI was analyzed using Image 
Pro Plus 6.0 software.

For histology, the craniums were fixed in 4% paraformaldehyde 
for 24 h and then decalcified in ethylenediaminetetraacetic acid 
(EDTA, 10%) for 1 week. After the tissue slices were prepared, 
hematoxylin and eosin (H&E) staining and TRAP staining were 
performed based on standard procedures. TRAP-positive os-
teoclasts on each bone surface were counted via Image Pro 
Plus 6.0 as previously described [17,18].

Statistical analyses

All statistical analyses were performed with SPSS 22.0 soft-
ware. The t test was performed when there were 2 groups of 
data. One-way ANOVA was used when the data were more 
than 3 groups. Student-Newman-Keuls (SNK) was performed 
to measure significance between each group when the data 
were more than 3 groups. And p<0.05 was considered to in-
dicate a statistically significant difference.

Results

Effects of PF on cytotoxicity, osteoclast formation, and 
resorption activity

At concentrations below 200 μM, PF had no significant impact 
on BMM survival (Figure 1 A). The TRAP stain results showed 
that PF remarkably inhibited RANKL-induced mature osteoclast 
formation in a dose-dependent manner (Figure 1B, 1C), with 
196.33±15.82, 150.66±16.04, 118.67±15.04, 96.33±7.37, and 
22.33±8.73 osteoclasts/well, respectively.

Afterwards, we measured the impact of PF on osteoclast re-
sorption capacity via Corning osteo assay plate. BMM cells 
were stimulated with RANKL + M-CSF to induce the differ-
entiation of mature osteoclasts with bone resorption capac-
ity. The ratio of resorption area to whole area in each sight 
was measured. And the result showed that PF inhibited the 
size resorption area in each well in a dose-dependent man-
ner (Figure 1D) with 51.92±3.69%, 37.93±2.60%, 28.67±2.87%, 
21.56±3.29%, and 5.78±2.43% at 0, 5, 20, 50, and 100 μM con-
centrations, respectively.

These results collectively demonstrate that paeoniflorin in-
hibited both the formation and bone resorption properties 
of osteoclasts.

PF inhibits NF-kB signaling pathway

As its name indicates, NF-kB is an essential downstream protein 
for RANKL-induced osteoclast formation [19]. Western blot re-
sults showed that RANKL lead to phosphorylation of p65, which 
was in accordance with reported results (Figure 2A). Further, PF 
substantially reduced phosphorylation of p65, suggesting that 
PF inhibited osteoclast formation by blocking NF-kB activation 
(Figure 2B). Meanwhile, PF had little influence on phosphory-
lation of mitogen-activated protein kinase (MAPK) family pro-
teins, which can also regulate osteoclast differentiation [20,21].

To confirm the influence of PF on NF-kB signaling, we per-
formed immunofluorescent staining of the NF-kB p65 subunit 
with or without PF (100 μM) treatment. RANKL treatment re-
sulted in translocation of the p65 protein to the nucleus in 
BMMs. Moreover, PF blocked RANKL-induced translocation of 
p65 to cell nucleus (Figure 2C), which confirmed that PF im-
paired osteoclast formation as a NF-kB inhibitor. Overall, these 
results suggest that PF participates in the regulation of RANKL-
induced NF-kB activation, and can thus contribute to the inhi-
bition of osteoclast formation.

NFATc1 and c-Fos are 2 important nuclear transcriptional fac-
tors regulating osteoclast differentiation [22,23]. To determine 
whether PF regulates the expression of NFATc1, we next as-
sessed the effects of PF on RANKL-induced NFATc1 and c-Fos 
expression. As shown in Figure 2D, protein levels of NFATc1 and 
c-Fos increased when BMMs were exposed to RANKL, and PF 
treatment inhibited the increase of NFATc1 and c-Fos expres-
sion. These results suggest that PF inhibits osteoclast forma-
tion via regulating NFATc1 and c-Fos expression.

PF inhibits osteoclast-related genes expression

Afterwards, we used q-PCR to measure the effects of PF (20 and 
100 μM) on key osteoclast-gene expression (Figure 3). NFATc1 
is a master switch for regulating terminal differentiation of os-
teoclasts functioning downstream of RANKL/RANK [24–26]. 
c-Fos is a member of the Fos family of genes that with Jun 
proteins form the AP-1 family of heterodimeric transcription 
factors. AP-1 acts as an essential switch for osteoclast differ-
entiation from the progenitor, and osteoclasts do not form 
in its absence. AP-1 also regulates the expression of NFATc1 
at the initial stage of osteoclast differentiation [27]. PF treat-
ment remarkably inhibited the key genes, NFATc1 and c-Fos. 
PF also remarkably inhibited absorbing-related gene expres-
sion, TRAP and Cathepsin K. Further, 100 μM PF showed more 
inhibiting effects than 20 μM.
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Figure 1.  Paeoniflorin inhibits RANKL-induced osteoclast formation bone resorption. (A) Bone marrow macrophages (BMMs) were 
incubated with various concentrations of PF for 24 h. PF toxicity was measured using the cell counting kit 8 (CCK-8) assay. 
OD, optical density; (B, C) BMMs were incubated with RANKL (50 ng/mL) + murine colony stimulating factor (M-CSF) (30 
ng/mL) in a 96-well plate along with various concentrations of paeoniflorin for 5 days. Tartrate-resistant acid phosphatase 
(TRAP)-positive cells in each well were counted; (D, E) BMMs were seeded in the osteo assay plate, cultured in the presence 
of RANKL (50 ng/ml) + M-CSF (30 ng/ml) and with the indicated concentration of PF. After 5 days of incubation, pit 
resorption areas were measured. All experiments were repeated 3 times. One-way ANOVA and Student-Newman-Keuls (SNK) 
tests were performed to measure significances between each group. * p<0.05, ** p<0.01, scale bar=100 μm.
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PF inhibits particle-induced osteolysis and osteoclast 
formation in vivo

The mouse calvarial osteolysis model is frequently used in 
simulating particle-induced osteolytic disease. We utilized 

a cobalt-chromium-molybdenum (CoCrMo) particle-induced 
mouse calvarial osteolysis model to directly evaluate the effects 
of PF against localized particle-induced osteolysis. The CoCrMo 
particles had an average diameter of 100 nm (Figure 4B), 
which was reported to be clinically relevant [28]. We found 
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Figure 2.  Paeoniflorin (PF) down-regulates receptor activator of nuclear factor-kB ligand (RANKL)-induced nuclear factor kappa B 
(NF-kB) activation and key osteoclast protein expression. (A) Bone marrow macrophages (BMMs) were incubated with or 
without 100 μmol/L PF for 1 h, followed by RANKL (100 ng/mL) stimulation for the indicated times. Cells were lysed for 
Western blotting. Downstream proteins induced by RANKL were detected (p-P65, p-P38, p-ERK, and p-JNK). All protein 
bands are from the same gel; however, they are noncontiguous. b-actin was used as housekeeping proteins. (B) Grey 
values of phosphorylated-p65 were measured using Image J software. The t test was used to determine significance of 
the results. (C) BMM cells were plated at a density of 1×104 cells in 6-well plates and treated with PF for 1 h, followed by 
stimulation with RANKL (100 ng/mL) for 15 min. The localization of p65 was visualized using immunofluorescence analysis. 
(D) BMM cells were stimulated by 100 ng/mL RANKL with or without 100 μmol/L PF for 1, 2, or 3 days. Cells were then lysed 
for blotting with antibodies against NFATc1, c-Fos, and actin. (F) Grey values were measured using Image J software. All 
experiments were repeated 3 times. * p<0.05, ** p<0.01. scale bar=20 μm.
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that cranium osteolysis was much more extensive in CoCrMo-
treated mice than in control mice, as shown by μ-CT 3D re-
construction (Figure 4A). PF treatment significantly attenuat-
ed osteolysis and increased bone volume in a dose-dependent 
manner. Moreover, bone mineral density (BMD) and bone vol-
ume to tissue volume ratio (BT/TV) showed that PF treatment 
significantly preserved bone volume (Figure 4C).

Hematoxylin-eosin staining showed that CoCrMo particles 
lead to severe osteolysis and infiltration of inflammatory cell 
tissue. The results confirmed that PF inhibited bone loss and 
CoCrMo particle-induced inflammatory response (Figure 5A). 
In addition, there were fewer inflammatory cells, such as lym-
phocytes and macrophages, in the PF-treated mice than in 
mice treated with CoCrMo particles only. Consistent with the 
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Figure 3.  Paeoniflorin (PF) inhibits receptor activator of nuclear factor-kB ligand (RANKL)-induced osteoclast-gene expression. Bone 
marrow macrophages (BMMs) were incubated with RANKL (50 ng/mL) and murine colony stimulating factor (M-CSF) (30 
mg/mL), as well as PF (20 μM and 100 μM), for 24 h. Osteoclast-specific genes (NFATc1, c-Fos, cathepsin K, and TRAP) were 
analyzed by realtime-PCR. b-Actin was used as the housekeeping gene. The experiment was repeated thrice. One-way ANOVA 
and Student-Newman-Keuls (SNK) tests were performed to measure significance between each group. * p<0.05, ** p<0.01
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AOI was measured via Image Pro Plus 6.0. Bone mineral density (BMD) and the bone volume to tissue volume (BV/TV) ratio 
was measured by the Micro-CT system; CoCrMo, cobalt-chromium-molybdenum; One-way ANOVA was used to determine 
significances of the results. Student-Newman-Keuls (SNK) test was performed to measure significances between each group. 
Area of interest (AOI) a square with the center falling in the middle of the coronal suture. * p<0.05, ** p<0.01
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micro-CT results, histomorphometric analysis demonstrated 
that PF significantly reduced the bone erosion induced by the 
CoCrMo particles (Figure 5B).

In TRAP staining, CoCrMo particles significantly increased the 
number of TRAP (+) osteoclasts on the surfaces of craniums 
(Figure 5B). PF treatment abolished the increase in osteoclast 
number caused by CoCrMo particles. Collectively, these results 
indicate that PF primarily disrupts osteoclast formation and 
bone resorption in vivo, thus suggesting that PF may be an ef-
fective anti-resorptive agent for the treatment of particle-in-
duced bone destruction.

Discussion

In this study, paeoniflorin, which was widely used as an in-
flammation mediator previously, showed the capacity of at-
tenuating RANKL-induced osteoclastogenesis as an NF-kB in-
hibitor in a dose-related manner, and we found an inhibiting 
effect of PF in particle-induced osteolysis in vivo.

Periprosthetic osteolysis and subsequent aseptic loosening re-
main the most common complications limiting the long-term 
durability of arthroplasty [29]. The joint revision arthroplas-
ty operations lead to enormous medical expenses and signifi-
cant surgery difficulties. Extensive efforts have been made to 
improve the implant design and biomaterials to avoid implant 

Figure 5.  Paeoniflorin (PF) inhibits bone destruction and the number of tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts, 
as shown by histological staining of calvaria sections. (A) Treatment with PF led to less bone erosion and inflammatory 
tissue in hematoxylin and eosin (HE)-stained slices. TRAP staining showed fewer osteoclasts in the PF-treated groups. High-
dose treatment showed more inhibiting effect than low dose group. (B) Histomorphometric analysis of the erosion area 
(percentage of infiltrated fibrotic area against total tissue area) was performed. The number of osteoclasts in each slice was 
determined. One-way ANOVA and Student-Newman-Keuls (SNK) tests were performed to measure significance between each 
group. CoCrMo, cobalt-chromium-molybdenum; * p<0.05, ** p<0.01, scale bar=100 μm
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failure. However, all approaches are unable to eliminate par-
ticle generation from bearing surfaces, followed by a cascade 
of adverse biological reactions leading to periprosthetic oste-
olysis and the failure of THA. Even though the exact mecha-
nism of aseptic loosening is unknown, particle-induced persis-
tent inflammation, osteoclast formation, and the consequent 
bone resorption are known to be primary events in aseptic 
loosening [30,31].

PF is widely used in treatment of inflammatory disease and 
neurological system disease [32,33], but its pharmacological 
effects in the skeletal system has been seldom reported, espe-
cially in osteolysis diseases such as periprosthetic osteolysis. In 
the present study, we demonstrated that PF dose-dependent-
ly inhibited RANKL-induced osteoclast formation in BMMs. In 
addition, according to the osteo assay plate, PF also impaired 
resorption activity in vitro. To confirm the mechanisms of PF-
associated impairment of osteoclast formation, we measured 
downstream proteins of RANKL/RANK pathway by Western 
blot. PF treatment inhibited phosphorylation of NF-kB but not 
MAPK (p38, ERK, and JNK) proteins. Moreover, inhibition of 
NF-kB p65 nuclear translocation in the PF-treated group was 
observed by immunofluorescent microscopy, indicating that PF 
exerted its inhibitory actions through NF-kB signaling rather 
than by MAPK signaling.

NFATc1 and c-Fos, which play essential roles in RANKL-induced 
osteoclastogenesis [24,34], are 2 critical transcriptional factors 
of the NF-kB and MAPK pathways [22]. Here, we showed that 
PF inhibited NFATc1 and c-Fos transcriptional activity and ex-
pression at both protein and mRNA levels. NFATc1 regulates 
the expression of genes associated with osteoclast differenti-
ation and function, such as the TRAP, cathepsin K, MMP9, and 
c-Src genes. In this study, we also examined the expression of 
NFATc1-regulated genes, such as TRAP, and cathepsin K [35–38]. 
We found that they were also down-regulated by PF, suggest-
ing that PF affects not only the expression of NFATc1, but also 
its downstream genes expression.

In an in vivo experiment, we used a murine calvarial osteolysis 
model with CoCrMo particles to determine if PF was effective 

on osteolytic disease. Micro-CT results indicated that PF treat-
ment via intraperitoneal injection dose-dependently inhibit-
ed CoCrMo particle-induced calvarial osteolysis in mice, with-
out any fatal complications. Histological analyses showed 
that CoCrMo particles significantly induced osteoclast forma-
tion in vivo and led to bone erosion. PF treatment remarkably 
impaired CoCrMo-associated osteoclast formation and pre-
served bone volume.

In this study we revealed that PF inhibited osteoclast forma-
tion in vitro and particle-induced osteolysis in vivo, but there 
are several limits to our research. We revealed that PF inhib-
ited the activation of NF-kB pathway, but the exact mecha-
nism needs further investigation. In vivo experiments using 
higher concentrations of PF are needed before the best dose 
can be confirmed.

In conclusion, the results of our work revealed that paeoniflo-
rin exerts inhibitory effects on osteoclast formation as an NF-
kB inhibitor. Although many of these inhibitors suppress os-
teoclastogenesis and bone resorption, some NF-kB inhibitors 
show severe adverse effects (e.g., triptolide shows hepatotox-
icity and alimentary system lesions) [39,40]. Thus, new drugs 
for osteolysis disease, such as periprosthetic osteolysis, are 
still needed. Therefore, our study of PF suggests a new phar-
macological treatment of osteolysis diseases.

Conclusions

In this research we found that paeoniflorin inhibits osteo-
clast formation in vitro and particle-induced osteolysis in vivo. 
In further experiments, we investigate the mechanism of the 
PF’s protective effect. The results suggest that PF affects os-
teoclast formation and osteolysis as an NF-kB inhibitor. This 
work suggests that PF is a potential treatment for bone-con-
struction disease.
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